To determine the location of molecules during endocytosis process inside cells, a new nanoparticle-type fluorescence probe whose fluorescence behavior can change in response with surrounding pH was prepared. The nanoparticles was composed of quantum dot (QD) core and block-type water-soluble phospholipid polymer with pH responsible poly(2-diethylamino methacrylate (DEAEMA)) segment as a shell. A small amount of fluorescent dye was bound to the polymer. For detecting the pH circumstances during endocytosis process, fluorescence resonance energy transfer (FRET) mechanism between QD as a donor and a fluorescent dye as an accepter was used. The block-type phospholipid polymer was synthesized by reversible addition fragmentation chain transfer (RAFT) polymerization method to control molecular weight and polymer sequence. After solubilizing QD into water by the polymers to form nanoparticles, Alexa 594 cadaverine was immobilized on the nanoparticles. It was observed the change in fluorescence spectra dramatically in the pH range between pH 7.06 and pH 7.45. This was due to the morphology of the block-type phospholipid polymer chains was dramatically changed in this pH range. The poly(DEAEMA) segment in the polymer was shrunken at pH 7.45, while the segment was stretched below pH 7.06 related to the protonation of the polymer. The nanoparticles were added in the culture medium under HeLa cell culturing, the nanoparticles were accepted cell-uptake. During this process, the fluorescence property was changed. We considered that this fluorescence change is corresponded to uptake of the nanoparticles into endosome. Thus, the nanoparticles are good pH probe to detect the location of molecules inside of cells.
INTRODUCTION
Recently, many researches about drug delivery system in order to get more efficient expression of the genes or drugs in the target cell have been performed. These studies are often focused on transportation of the genes or drugs, because these biomolecules generally work at specific place in the cell. Thus, it is important to detect the intracellular dynamics of the genes or drugs for seeking to more efficient uptake of these biomolecules or expression by gene.
Generally, an uptake of biomolecules by endocytosis process is known that the pH change from 7.4 to 5.0 by proton sponge effect. Here, we targeted endocytosis process as a delivery of these molecules and designed new concept of biocompatible nanoparticle working as an intracellular molecular probe (Fig. 1) . The probe can be responsive for pH change in the process of endocytosis. As a detection system for pH environment, fluorescence resonance energy transfer (FRET) between quantum dots (QDs) as a donor and Alexa 594 cadaverine fluorescent dye as an accepter was used (Fig.  2) . For aiming to prepare pH probe, at first, block-type water-soluble phospholipid polymer with pH-responsive cationic segment shell; 2-diethylamino methacrylate (DEAEMA) and biocompatible phospholipid copolymer (PMBN) shell were designed and synthesized, and then QD core was covered by the polymer.
PMBN shell contains 2-methacryloyloxyethyl phosphoryl chorine (MPC), n-butyl methacrylate (BMA), and p-nitrophenyloxycarbonyl poly(ethylene glycol) methacrylate (MEONP). With PMBN shell, the nanoparticle is cytocompatible and able to bond with various functional molecules [1] . DEAEMA chain has a stretching-shrinking property corresponding with the pH-change. When pH is below 7.3, DEAEMA chain is protonated and then stretching. On the other hand, when pH is above 7.3, DEAEMA chain is deprotonated and then shrink. Therefore, the QD core nanoparticle coated with the polymer has a stretching-shrinking behavior corresponding with the morphology change of the DEAEMA change. After immobilization of the acceptor, Alexa fluorescence dye, the FRET efficiency between QD and Alexa fluorescence dye is also changed. As a result, emission spectra of QD/polymer-Alexa nanoparticles corresponding with the pH-change are observed. To confirm the property, the pH-response of the nanoparticles in aqueous solution was estimated.
The pH-imaging fluorescence probe was added in the cell culture, and then the emission of the nanoparticles was observed with confocal laser scanning microscopy to detect intracellular dynamics by fluorescence change due to disruption in endosome and dispersion of the nanoparticles to cytoplasm.
EXPERIMENTAL 2.1 Materials
The trioctylphoshine oxide (TOPO)-coated ZnS-shell CdSe-core QDs dispersed in toluene were purchased from Evident Technologies Co, Ltd. (Troy, U.S.A.). The specific fluorescence emission wavelength of these QDs was 542 nm, as a commercial value. Here, the core diameter of the QDs was 3.3 nm, as a commercial value. MPC was provided by NOF Co. Ltd. (Tokyo, Japan), which was synthesized by the previously reported method [2] . BMA was purchased from Kanto Chemical Co., Ltd. (Tokyo, Japan), and purified under reduced pressure; the fraction at 63 °C/24 mmHg was used. MEONP was synthesized by a previously reported method [3] . DEAEMA was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), and purified under reduced pressure; the fraction at 58 °C/18 mmHg was used. 4,4'-azobis(4-cyanopentanoic acid) (V-501) was purchased from Wako Pure Chemical Industries Co., Ltd. (Osaka, Japan).
Preparation of pH-responsive phospholipid polymer
PMBN unit was synthesized from the corresponding monomers such as MPC, BMA, and MEONP by a reversible addition-fragmentation chain transfer (RAFT) polymerization using V-501 as an initiator. As a RAFT argent, 4-cyano-4-(dodecyl-sulfanylthiocarbonyl) sulfanyl pentanoic acid (RAFT19) was used. RAFT19 was synthesized by the previously reported method [4] .
The MPC unit mole fraction in the PMBN segment was determined by 1 H-NMR measurement. Continuously, pH-responsive DEAEMA unit was also synthesized by RAFT polymerization using V-501 as an initiator. The polymer was abbreviated as DEAEMA/PMBN (Fig. 3 ).
Preparation of water-soluble quantum dots
QDs were solubilized into aqueous solution by conventional solvent evaporation method [1] . DEAEMA /PMBN polymer was covered through hydrophobic affinity between alkyl group in the end of the polymer and trioctylphosphine group on the surface of the QDs. A 13 mL of 0.10 M NaH 2 PO 4 solution containing 130 mg of the polymer was placed in the glass bottle and the solution was stirred at 400 rpm in ice bath. A 1.0 mg of TOPO-coated ZnS-shell CdSe-core QDs (the original QDs) suspended in toluene was dried under a vacuum.
The remaining solidified QDs were suspended again in Table I Characterization of the phospholipid polymer 0.94 mL of dichloromethane. The suspension was then added to the polymer solution. This mixture was sonicated for 30 min with ultrasonic generator. Then, it was maintained under reduced pressure for 20 min to evaporate the dichloromethane. To remove excess polymer, the nanoparticles in aqueous medium were ultra centrifuged at 50000 rpm (188,800 g) for 2.0 h at 4 °C. The supernatant was discarded and QD/polymer nanoparticles as precipitate were resuspended in dulbecco's PBS (PBS; Gibco, Invitrogen, U.S.A.).
Conjugation of acceptor dye
Fluorescence dye as a FRET acceptor was Alexa 594 cadaverine. The dye has appropriate absorption property for FRET from QD [5] and primary amine group for conjugation. Alexa 594 dye was conjugated to the QD/polymer nanopaticle via active ester group in PMBN by mixing with QD in aqueous solution and stirring at 400 rpm in room temperature overnight. The ratio of QD : Alexa was 1 : 5. With ultrafiltration Centriprep MWCO = 3,000 (Millipore, carrigtwohill, Co,Cork, Ireland), unreacted Alexa dye was removed, and the QD/polymer-Alexa pH-probe was obtained.
Characterization of the nanoparticle
The hydrodynamic diameter of the nanoparticle in pH 5.13, 6.06, 7.06 or 7.45 were determined using dynamic light scattering (DLS; Zetasizer NanoZS; Malvern, Ltd., Worcestershire, U.K.). The morphology of the nanopaticle was confirmed by atomic force microscopy (AFM) after freeze-drying of the nanoparticle solution. The optical properties of QD/polymer or QD/ polymer-dye nanoparticle were measured by fluorescence spectrometer (FP-6500; Jasco, Tokyo, Japan) and UV/visible spectrometer (V-650; Jasco, Tokyo, Japan). The QD concentration was calculated using the Lambert-Beer law with mole absorption coefficient: ε = 6.5 × 10 4 M -1 cm -1 at 525 nm as a commercial value. For evaluation of optical properties in aqueous solution after solubilization, 100 L of TOPO-coated QD in toluene was diluted with toluene to make a standard solution.
Fluorescence imaging in the cell
HeLa cells were grown at 37 °C and 5% CO 2 
Cytotoxicity test
Cytotoxicity of the QD/polymer nanoparticle was evaluated by using MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium Bromide) assay (Nacalai tesque, Kyoto, Japan). Briefly, Hela cells were treated with various concentrations of QDs for 1h or 24h. After an incubation period of 4h, UV-vis absorption was measured at 570 nm with 650 nm as the reference wavelength. Table I shows the polymer distribution. The pH-responsive phospholipid polymer contains 38 units of MPC, 31 units of BMA, 1.8 units of MEONP, and 88 units of DEAEMA, respectively. Image of the particle was obtained by AFM. Each particle showed sphere shape and about 15 nm diameter. Absorption peak or emission peak of the QD/polymer nanoparticle was not changed after QDs were coated with the polymer. From the Lambert-Beer law, QD concentration was 906 nM. Therefore, the encapsulation of QDs using pH-responsive phospholipid polymer did not have any influence on the optical properties of QDs. Fig. 4 shows pH-response of the QD/polymer-Alexa nanoparticle. When pH changed from 7.06 to 7.45, emission spectra were changed. It is considered that this change of the emission spectra depended on the change of FRET efficiency. To calculate the FRET efficiency we use:    distance. R 0 is 6.09 Ǻ when FRET occurred between QDs (Em = 540 nm) and Alexa 594 fluorescent dye [6] .
RESULTS AND DISCUSSION

Encapsulation of QDs with the polymer
Here, diameter of the nanoparticle was calculated at each pH with from the equation (1) (Fig. 5 , broken black line). This change of distance between donor and acceptor was due to the stretch-shrinking behavior of the DEAEMA chains. The core DEAEMA chain was changed its structure from stretching to shrinking, which changed the distance between QD (donor) and Alexa dye (acceptor). Therefore, FRET efficiency and emission were changed. The stretching-shrinking behavior of the nanoparticle was also confirmed by DLS measurement. Stretching and shrinking behavior of DEAEMA chain was corresponded with theoretical change of the particle size (Fig. 5 , solid black line).
3.2 Cytocompatibility of the nanoparticle Fig. 6 shows the result of MTT assay. After incubation for 1h and 24h, no cytotoxicity was detected even in 50 nM concentration of QD. Generally, QD coated with cationic polymer such as polyethyleneimine has strong cytotoxicity, even if its surface was modified with poly(ethylene glycol) [7] . Cationic polymer impairs cell membrane, while leakage of Cd 2+ , Se 2+ ions from QD makes active oxygen which damages the cell enough to cause necrosis. The QD-core nanoparticle did not show cytotoxicity for 1h and 24h incubation, though QD/phospolipid polymer nanopartice has both cationic polymer; DEAEMA and core QD. This result means that phospholipid polymer segment could erase cell membrane impairing by DEAEMA and leakage of the ions from QD.
3.3 Uptaking of the nanoparticle by the cells Fig. 7 shows the fluorescence images obtained by CLSM. After incubation with QD/polymer-Alexa nanoparticle pH-probe for 5 min, red fluorescence from Alexa fluorescent dye was observed around the cell membrane. After incubation with the pH-probe for 10 min, 20 min, 30 min and 60 min, green fluorescence from QD appeared in the cell. It means that pH around the nanopaticles was decreasing and they were in the endosome. More incubation time made the increasing of ratio of green fluorescence increased. After incubation for 90 min, almost red fluorescence disappeared.
This result means cells uptake nanoparticle within 90 min, and the nanoparticle was trapped in the endosome where pH is deacreasing.
After rinse for three times, green fluorescence was preserved in the cell. This result illustrates that the nanoparticle was uptaken by the cell and trapped in the endosome.
CONCLUSION
We prepared pH-responsive and fluorescence dyeimmobilized block-type phospholipid polymer encapsulating QD to determine the location of molecules during uptake process in cells. The QD/polymer nanoparticles could disperse well in cell-cultured medium, and they didn't show cytotoxicity. The FRET efficiency change was observed at pH 7.4. This was due to stretching and shrinking behavior of polymer chain corresponding with the pH-change. We also were able to observe emission change of QD nanoparticle in cell culture. This emission change was corresponded to the endocytosis process, that is, localization of the QD/polymer nanoparticles in the cells. The QD/polymer nanoparticles would be new imaging tool inside of the cells.
ACKNOWLEDGEMENT
This research was supported by Grant-in Aid for Scientific Research (B) (21300176) from JSPS. 
